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INTRODUCTION
Now, more than ever before, drug development and preclinical trials are long and expensive processes. These processes have a high attrition rate and less than 10% of the compounds tested in clinical trials gain approval from the United States Food and Drug Administration (Zambrowicz and Sands, 2003; Sharpless and Depinho, 2006) . The cost of launching a new drug exceeds $1 billion. Therefore, technological advances that allow for easy and effi cient target identifi cation and validation steps early in the drug discovery process are essential for reducing both the attrition rate and the cost of launching a new drug (Begley and Ellis, 2012) . Methods that model the action and predict the effi cacy of a drug would improve the overall success rate and provide a reproducible path for drug development.
One solution to the signifi cant challenges faced in the development of new drugs and combination therapies is the use of low-cost, experimentally manageable in vivo animal models (Hansen and Khanna, 2004; Suggitt and Bibby, 2005) . Until 1980, mouse models used in drug screening were limited to wild-type or spontaneously mutated models. Many currently used chemotherapeutic agents, including alkylating and other DNA-damaging agents (Esteller et al., 2000) , were developed using these animal model systems. Recently, immunocompromised mice were used for screening anticancer drug candidates (Suggitt and Bibby, 2005; Sharpless and Depinho, 2006) . However, large variability existed in the outcomes of these screenings between responses in mice and humans and, as such, these models had a low potential to predict the results of Phase I/II clinical trials (Richmond and Su, 2008) .
Genetically engineered mouse models (GEMMs) of human disease could improve drug development (Hansen and Khanna, 2004; Abate-Shen, 2006; Sharpless and Depinho, 2006; Singh and Johnson, 2006; Robles and Varticovski, 2008; Politi and Pao, 2011; Kucherlapati, 2012) . Since the 1980's, several types of GEMMs have been used in drug development and preclinical trials, including transgenic, knockout, and knockin mouse models (Frese and Tuveson, 2007; Politi and Pao, 2011) . Using transgenic technology, extra DNA that encodes
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Over the last 30 years, techniques for manipulating the mouse genome and mouse embryos have become increasingly sophisticated. For example, inducible and conditional models, in which genes are turned on or knocked-out temporarily or spatially, have been developed (Lewandoski, 2001; Jonkers and Berns, 2002; Hansen and Khanna, 2004; Frese and Tuveson, 2007; Sun et al., 2007) . Knock-in models, in which transgenes are inserted in the specifi c locus or specifi c mutations introduced into target genes, have also been developed. The sophisticated mouse models that have been generated through these advances in mouse engineering technologies are useful for drug discovery and preclinical trials.
GEMMs have become an invaluable tool for determining target function, verifying selectivity, and predicting toxicity and drug discovery scientists have developed thousands of mouse models over the last 30 years (Frese and Tuveson, 2007; Kucherlapati, 2012) . The primary applications of GEMMs in drug discovery are validating targets, identifying pharmacodynamic markers of drug action, detecting toxicity, and evaluating safety (Bolon, 2004; Sharpless and Depinho, 2006; Politi and Pao, 2011) (Table 1) . GEMMs have also been used to validate hypotheses regarding confi dence in a new gene's rationale as a potential therapeutic target.
NEW GEMMS IN DRUG DEVELOPMENT AND PRECLINICAL TRIALS
Despite meaningful advantages in the applications of GEMMs, several technical limitations exist in the development of new GEMMs that would be useful in drug development and preclinical trials (Beard et al., 2006) . In transgenic mice, there is signifi cant heterogeneity among different founders; in knockout mice, the predicted phenotypes are not always readily observed and, occasionally, completely novel or unexpected phenotypes are noted. Another critical problem is the generation period of GEMMs. The timelines required to generate transgenic and knockout mice are quite long and require 12 to 24 months from design to initial experimental cohort.
To address and overcome these obstacles in the generation and application of GEMMs, many mouse geneticists have explored innovative technologies for manipulating the mouse genome and mouse embryos. One such technology is targeted transgenesis, which reduces the cost and accelerates the timeline of GEMM generation (Seibler et al., 2003; Seibler et al., 2005; Beard et al., 2006) . This technique also allows the transgene to be stably integrated and expressed in the mouse genome. Using targeted transgenesis, several innovative mouse models have recently become available, including RNA interference (RNAi) and inducible transgenic models, in which specifi c genes can be regulated (knocked-down or induced) temporally or spatially (Jaisser, 2000; Lewandoski, 2001; Kleinhammer et al., 2011b) . These models are expected to strengthen and broaden the application potential of GEMMs in future drug development. Targeted transgenesis will enhance the effi ciency and accelerate the generation of GEMMs, and several transgenic and RNAi mouse models will be generated by these methods.
TARGETED TRANSGENESIS IN GEMM GENERATION
Until now, most transgenic mouse models have been based (Carmell et al., 2003; Rubinson et al., 2003; Ventura et al., 2004; Coumoul et al., 2005) . Pronuclear injection of transgenes results in individual founder lines, each with a unique and irreproducible pattern of transgene expression. Furthermore, random integration of these elements into the genome is problematic because positional-effect variegation can profoundly infl uence transgene expression and the insertion event itself may disrupt endogenous genes (Beard et al., 2006) . Additionally, foreign DNA usually integrates as a linear array, resulting in multiple copies that yield variable levels of gene dosage that may subsequently be silenced by epigenetic mechanisms. As a result, some transgenic mouse models generated by these methods failed to show reproducible gene expression and phenotypes. Lentivirus-based vectors have also been used to introduce transgenes into primary cells, ES cells, and embryos. However, only a fraction of infected cells showed detectable transgene expression at various levels, which indicated that the activity of lentiviral vectors is subject to position-dependent modulation. Overall, previous reports of transgene expression in mice used random transgenesis and required time-consuming and laborious screening of targeted ES cells or mouse lines due to the inherent problem of position-dependent effects on transgene expression.
Targeted transgenesis provides an attractive alternative to random transgenesis by pronuclear injection or lentiviral infection. Transgene integration mediated by recombination at specifi c sites such as the ROSA26 or COL1A1 loci results in insertion of only a single copy of the transgene (Seibler et al., 2005; Beard et al., 2006; Strathdee et al., 2006) . Therefore, this approach avoids the instability issues that are frequently associated with repetitive transgene clusters resulting from pronuclear injection or lentiviral infection. Additionally, because transgene insertion occurs at a defi ned site in the genome, genotyping and identifi cation of homozygous transgenic mice are simple. Single site integration also signifi es that targeted transgenes do not independently segregate during breeding. Each transgenic founder is genetically identical, so it is not necessary to breed and characterize multiple lines. Further, targeted transgenesis avoids unpredictable chromosome position effects, which is a challenge of pronuclear and lentiviral transgenics. ROSA26, HPRT, and COL1A1 are mouse genes that are commonly used as host loci for targeted transgene insertion (Beard et al., 2006; Strathdee et al., 2006; Palais et al., 2009) .
The ROSA26 locus has become the locus of choice for targeted transgenesis because of the autosomal location, the ubiquitous expression, and the fact that the gene appears not to be subject to epigenetic inactivation (Soriano, 1999; Seibler et al., 2005) . The locus was found to be ubiquitously active throughout mouse development in nearly every single cell of the body, so it was identifi ed as being suitable for targeted transgenesis. The open chromatin structure of this locus might promote expression of the transgene or shRNA under the control of an RNA polymerase-dependent promoter. In fact, a single copy of the shRNA transgene inserted into ROSA26 effi ciently mediates whole-body gene silencing, with knockdown levels ranging from 80% to 95% in most mouse tissues (Seibler et al., 2005; Seibler et al., 2007) .
The recombinase mediated cassette exchange (RMCE) method was developed to enhance the effi ciency of targeted transgenesis at the ROSA26 locus in ES cells (Seibler et al., 2005) (Fig. 1A) . This strategy facilitates the transgene insertion at the ROSA26 locus with high effi ciency and consistently achieves greater than 90% correct ES cell clones. Because of the direct cloning of the transgenes into the RMCE vector and the highly effi cient integration of the vectors at the ROSA26 lo- (Kleinhammer et al., 2011b) . The hygromycin resistance gene was exchanged by C31 Integrase-mediated recombination of both pairs of attB and attP sites. Recombined ES cell clones were selected by the neomycin resistance gene and identifi ed by PCR or Southern blot analysis. GOI: Gene of interest. (B) Flpe-mediated recombination in the KH2 ES cell line (Beard et al., 2006) . The ES cell line contained an FRThygromycin-polyA homing cassette downstream of the COL1A1 locus. Upon co-electroporation of the targeting vector and an Flpe transient expression vector, recombination resulted in the loss of the neomycin cassette and the insertion of the gene of interest. This FRT-Flpe recombination also restored and conferred hygromycin resistance. (C) Southern blot analysis to identify recombined ES cell clones. For SpeI digestion, the bands representing alleles before and after recombination were 6.7 and 4.1 kb, respectively, as described in (B). Asterisks indicate recombined ES cell clones.
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The COL1A1 3'-untranslated region (UTR) is also used for targeted transgenesis (Beard et al., 2006) . The COL1A1 locus has been shown to support high transgene expression even in cell types that do not normally express the type 1 collagen gene (McCreath et al., 2000) . Beard and colleagues developed a new system of modifi cation of the COL1A1 locus for FRT-mediated targeting. They positioned the FRT target site in a region that lies approximately 500 base pairs downstream of the 3'-UTR and generated the KH2 ES cell line. Using this ES cell line and Flpe recombinase, the target transgene can be integrated into the FRT homing site, which supports the stable expression of the transgene (Fig. 1B, 1C, 2) .
There are several advantages to generating a collection of these ES cell lines using RMCE method or FRT-mediated targeting (Beard et al., 2006; Kleinhammer et al., 2011b) . First, once the FRT or attP sites have been targeted using recombination, transgenes can be introduced without building additional targeting vectors with homologous recombination arms. Second, the same targeting vector can introduce cDNA into several selected sites in the genome. Third, a series of cDNAs can be introduced into the same integration site to evaluate gene function without the variation in level and pattern of gene expression due to position effects. Fourth, targeting vectors for tissue-specifi c expression of cDNA can be constructed and effi ciently integrated into different loci to evaluate their patterns of gene expression. Transgenic mice generated using these ES cell clones will also be able to show how the transgenes of interest function in vivo. Taken together, these methods provide a novel approach to effi ciently modify gene expression in ES cells and in mice in an easier, faster and more predictable manner than that achieved by conventional techniques.
COMBINED USE OF TARGETED TRANSGENESIS AND TETRAPLOID BLASTOCYST TO ACCELERATE THE GENERATION OF GEMMs
The combined use of targeted insertion of a transgene or shRNA into the ROSA26 locus using RMCE or into the CO-L1A1 locus using FRT-mediated targeting and subsequent ES cell injection using tetraploid blastocysts signifi cantly accelerates the generation of transgenic or knockdown mice (Seibler et al., 2003; Mackay and West, 2005; Ohta et al., 2008) . Only 2 weeks are needed for cloning the DNA vector, 3 weeks are needed for generating targeted ES cell clones, and 4 weeks are needed for producing newborn mice. Therefore, this system enables the rapid performance of in vivo gene function studies and provides a generally applicable tool for reverse mouse genetics research. Moreover, the investigation of the effects of gene expression or knockdown after the onset of a chronic or acute disease is simplifi ed. Taken together, these technologies provide a novel and readily applicable approach for the inducible and reversible analysis of gene function in mice that overcomes the limitations of homologous recombination-based gene targeting and random transgenesis.
THE PROS AND CONS OF GEMMS GENERATION USING ENGINEERED NUCLEASE
Recently, engineered nucleases provide us alternative methods of generating GEMMs. To date, three kinds of engineered nuclease have been developed: zinc-fi nger nuclease (ZFNs), transcription activator-like effector (TALEN) nuclease, and clustered regularly interspaced short palindromic repeats (CRISPR)/CRISPR-associated (Cas) system (Gaj et al., 2013) . These systems allow the direct generation of li ve knockout or knock-in mice without producing chimeras, therefore saving the generation time and cost compared to the conventional methods using ES cell and homologous recombination.
However, despite these advantages, there are several issues which must be carefully considered before generating and applying these mice by using engineered nuclease. First, one of the major concerns is the presence of substantial offtarget effects, which are due to innate properties of these methods. Now, many methods to reduce the off-target effects have been tried and developed. Second, as mutations of target gene generated by these methods are heterogeneous, separation and identifi cation of these mutations are required. Third, these methods make bi-allelic mutation in the target site. If these mutations have harmful effect on embryo development or survival of neonates, mutant mice cannot be generated by these methods. Taken together, in spite of great technical advances and many advantages in GEM generation using these methods, application of GEMMs generated by these methods are restricted in specifi c cases because of the several problems as described above.
Fig. 2. In vivo expression of a tetracycline-inducible gene in mice.
Mice were derived from KH2 ES cells that carry both the R26-rtTA allele and the Flp-in TRE-AIMP3-HA allele (Beard et al., 2006) . Doxycyline was administered to the mice in drinking water for 5 days (2 mg/ml, supplemented with sucrose 10 mg/ml). Thymocytes were harvested and analyzed by immunoblot with anti-HA or anti-AIMP3 antibodies. β-actin was used as a loading control. AIMP3: ARS-interacting multifunctional protein 3.
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THE GENERATION OF INDUCIBLE TRANSGENIC MICE
Inducible gene expression has several advantages in the study of gene function and genetic regulatory mechanisms. This regulation of gene expression is a powerful tool for studying the biological role of genes whose constitutive expression might be lethal, harmful, or detrimental to cells. Furthermore, temporal, spatial and titratable control of gene expression is important in the study of genes involved in disease development and progression.
The tetracycline-dependent system is one of several inducible systems that has been widely used for several decades (Lewandoski, 2001; Jonkers and Berns, 2002; Sun et al., 2007) . This system works effectively and effi ciently in vitro and in vivo to control gene expression. It was fi rst developed for in vivo use in 1995 (Gossen et al., 1995) , and this system has been used in many fi elds to analyze the outcomes of gene expression after the onset of disease in mice.
The tetracycline-dependent system has two systems, Tetoff and Tet-on, which have two components that direct the expression of the gene of interest, the tetracycline-controlled transactivator (tTA) or a reverse tTA (rtTA) and the tetracycline-responsive promoter element (TRE) (Sun et al., 2007) . In both systems, target gene expression can be regulated both reversibly and quantitatively in cells or in mice with varying concentrations of tetracycline or tetracycline derivatives such as doxycycline. In the Tet-off system, transcription of the target gene is inactive in the presence of tetracycline or doxycycline; in the Tet-on system, transcription is active in the presence of tetracycline or doxycycline. The Tet-off and Tet-on systems are complementary, so the decision to choose one over the other depends on the specifi c experimental strategy and plan.
In the Tet-off system, the tTA is composed of the Tet repressor DNA binding protein (TetR) originating from Escherichia coli transposon Tn10 fused to the transactivating domain of VP16 of human cytomegalovirus (Sun et al., 2007) . The target gene is under transcriptional control of a TRE. The TRE is composed of a Tet operator (tetO) sequence fused to a minimal promoter. The commonly used minimal promoter sequence is derived from the human cyctomegalovirus immediate-early promoter. In the absence of tetracycline or doxycycline, the tTA binds to the TRE and activates transcription of the target gene. In the presence of tetracycline or doxycycline, the tTA cannot bind to the TRE and expression of the target gene remains inactive.
The Tet-on system uses the rtTA, which is a fusion protein of the TetR repressor and the VP16 transactivation domain. However, a change in four amino acids in the TetR DNA binding moiety alters the rtTA's binding characteristics and the protein can only recognize the tetO sequences in the TRE in the presence of tetracycline or doxycycline. Therefore, in the Tet-on system, transcription of the TRE-regulated target gene is stimulated by the rtTA only in the presence of tetracycline or doxycycline (Fig. 2) .
Several tTA and rtTA transgenic mice have been developed in which tTA and rtTA, respectively, are expressed only in a specifi c cell type (Jaisser, 2000) . Therefore, it is possible to express the TRE-regulated target transgene in a tissue-specifi c manner. Furthermore, strict regulation of the level of tTA or rtTA activity allows both quantitative and temporal regulation of the activation of the target gene. Additionally, targeted transgenesis is useful for generating these transgenic mice because the expression of a TRE-regulated transgene may be infl uenced by its chromosomal insertion site.
APPLICATION OF INDUCIBLE TRANSGENIC MICE
Tetracycline-inducible expression systems have many applications and are of crucial importance in rigorous target validation and preclinical trials for several reasons (Jonkers and Berns, 2002) . First, the ability to control expression via the tetracycline-dependent system has been used to establish an oncogene's tumor initiation and maintenance requirements. Using a regulated reversible system, the sustained requirement for oncogenic activity in a fully established tumor can be directly demonstrated by extinguishing the expression of the transgene and monitoring the phenotypic consequences in the tumor. For example, this approach showed that persistent RAS activation is required for melanoma maintenance (Wong and Chin, 2000) , persistent MYC-activation is required for maintenance of hematopoietic tumors and a subset of breast adenocarcinoma (Boxer et al., 2004) , mutant isocitrate dehydrogenase-2 (IDH2) has a proto-oncogenic role in leukemia initiation and maintenance (Kats et al., 2014) , and oncogenic BRAF is required for tumor growth and maintenance in melanoma models (Hoefl ich et al., 2006) . Also, the overexpression of Mad2 in transgenic mice induces a variety of neoplasias and the acceleration of myc-induced lymphomagenesis; however, continued overexpression of Mad2 is not required for tumor maintenance (Sotillo et al., 2007; Sotillo et al., 2010) . Second, the capacity to introduce or retrieve additional cooperating oncogenes or tumor-suppressor genes allows for the determination of whether specifi c mutations infl uence the tumor maintenance capacity of a specifi c oncogene. Third, these inducible systems permit the study of several additional important aspects of tumor biology beyond target validation. For example, identifying target-specifi c biomarkers to assess drug action is useful for discovering resistance mechanisms and understanding tumor dormancy. Lastly, the inducible Cre system is also useful in target validation. This system can mediate the deletion of somatic genes in nearly all cells or in only specifi c cells of the adult mouse (Jaisser, 2000; Belteki et al., 2005; Sun et al., 2007; Reinert et al., 2012) . This gene deletion capability can provide information on inhibitor effi cacy or potential mechanism-based toxicities that might result from pharmacological inactivation of the gene.
RNAi MICE AS AN ALTERNATIVE TO KNOCKOUT MICE
RNA interference (RNAi) has recently emerged as a practical approach for gene function studies, and it promises to be more rapid than gene knockout methods (Svoboda et al., 2001; Paddison et al., 2002; Rubinson et al., 2003; Prawitt et al., 2004; Coumoul and Deng, 2006) . RNAi results in a knockdown rather than a complete loss of gene function. Therefore, RNAi mice could be an alternative to knockout mice. For reliable expression of the shRNA, the targeting vector of interest can be inserted into the ROSA26 locus or the COL1A1 3'-UTR by recombination of a site-specifi c recombinase in ES cells. Recombination effi ciency is high at these sites and transgenesis in ES cells is a highly effi cient process (Seibler et al., 2005; Beard et al., 2006; Seibler et al., 2007; Premsrirut et al., 2011) . These ES cell clones can then be used to http://dx.doi.org/10.4062/biomolther.2014.074
generate RNAi transgenic mice. This technology enables the production of adult knockdown mice within 10 months for in vivo validation of drug targets. This shRNA-based approach enables constitutive whole-body knockdown, inducible knockdown dependent on TRE and doxycycline, and Cre/loxP-dependent knockdown of target genes in mice (Kleinhammer et al., 2011b (Kleinhammer et al., , 2013 (Fig. 3) .
GENERATION OF INDUCIBLE RNAi MICE
In mice, constant high-level expression of shRNAs may cause unexpected problems, including death, which may arise from the saturation of cellular miRNA processing pathways. Inducible RNAi technologies were devised and implemented to reduce the risk of such side effects (Dickins et al., 2007; Seibler et al., 2007; McJunkin et al., 2011; Zuber et al., 2011a) . Temporal control of gene silencing can prevent impaired development until the induction of target gene expression.
Inducible expression of shRNA can be achieved by a tetracycline-dependent system as described previously. Figure 3C shows the construct for temporally-controlled gene silencing based on the TetR/tetO system. Binding of TetR to tetO blocks transcription of shRNA and de-repression can be achieved by adding the inducer doxycycline, which results in the release of TetR from tetO. Doxycycline-inducible gene silencing within 10 days of doxycycline administration achieves 80% to 90% repression in most tissues. The knockdown is reversible upon withdrawal of the inducer. Therefore, this inducible and reversible system permits the investigation of the effects of gene knockdown in a suitable mouse model, such as after the onset of a chronic or acute disease. This feature is especially interesting for pharmaceutical drug target validation because inducible gene silencing in mouse models of human disease is a surrogate for the treatment of patients with antagonistic drugs.
GENERATION OF CONDITIONAL RNAi MICE
Cre/loxP recombination is a controllable, but irreversible, me ans of achieving cell type-specifi c or temporally regulated RNAi that is comparable to that achieved with gene targeting by homologous recombination (Ventura et al., 2004; Coumoul et al., 2005; Coumoul and Deng, 2006; Kleinhammer et al., 2011a) . Figure 3B shows the construct for gene silencing based on Cre/loxP recombination. A loxP-STOP-loxP cassette located between the U6 promoter and the shRNA sequence interrupts transcription from the U6 promoter. Cre/loxP recombination enables transcription to start producing shRNA. A number of Cre transgenic mice have been developed and Cre/loxP-dependent shRNA can be expressed temporally or spatially.
APPLICATIONS OF RNAi MICE MODELS
RNAi mice models have many applications in many fi elds. First, RNAi mice are useful in target validation (Zuber et al., 2011a; Zuber et al., 2011b) . These RNAi mice models are an optimal surrogate for therapeutic drug action. Like antagonistic drugs, these models lower target gene activity in most tissues throughout the body without completely abolishing it. By observing the effects of a gene knockdown, researchers are able to assess the viability of a given gene product as a target for antagonist drug intervention. Second, RNAi mice can be used to determine target specifi city. The reversibility of gene knockdown enables researchers to examine target-specifi c effects of compounds in the same mice. Third, RNAi mice can be used in safety studies. After mimicking transient drug action by inducing shRNA expression, target gene expression can be reverted to endogenous levels by withdrawing the inducer. This simulation allows the study of both short-term and long-lasting target-dependent side effects of drug action. Fourth, RNAi mice can be used to model human diseases, such as cancer, neurodegenerative diseases, type II diabetes, and genetic disorders, in an inducible and reversible manner. Fifth, RNAi mice allow for the assessment of gene function in vivo . The inducible and reversible features of the system are benefi cial for studying the effect of switching off a gene and reverting to the normal state.
CONCLUSIONS
We have reviewed the recent progress, challenges, and applications associated with the generation and use of GEMMs for drug development and preclinical trials. Since the 1980's, several powerful and reproducible technologies have been developed that allow the precise manipulation of the murine genome and the generation of complicated mouse models of human diseases (van der Weyden et al., 2011) . These methods have facilitated the evaluation of gene function by classical approaches of gain and loss of function mutagenesis in mice. Subsequently, these improvements in technologies guided application of GEMMs in drug discovery. Many obstacles in the process of using mouse models are being and will be overcome. No single model type is appropriate for every situation and understanding the needs of a drug discovery project will determine the appropriate GEMMs to develop (Abate-Shen, 2006; Sharpless and Depinho, 2006; Politi and Pao, 2011) . Validating the effi cacy of novel therapeutics in humans is becoming more diffi cult, so the development of improved preclinical methods to validate and prioritize novel compounds and therapies is important (Begley and Ellis, 2012) . Finally, we predict that GEMMs will become a necessary tool, along Fig. 3 . Construct of RNAi mice generated by recombinase mediated cassette exchange (RMCE). For stable integration of the shR-NA expression vector into the ES cell genome, RMCE was used as described in Figure 1A . Constructs of commonly used RNAi mice are described as constitutive (A), conditional (B) and inducible (C).
www.biomolther.org with cell culture-based and xenograft model systems, in the preclinical evaluation of disease targets and the development of their respective compounds and therapies.
